Major depressive disorder is associated with an elevated risk of numerous metabolic disturbances, including obesity, metabolic syndrome, insulin-dependent diabetes mellitus type II, and death after myocardial infarction. Several recent papers also indicate that disturbances of mood may alter peripheral signaling pathways that regulate metabolic processes, including those involving leptin and ghrelin.
Introduction and context
The prevalence of obesity and associated disorders, including diabetes mellitus type II (DMII) and coronary artery disease, has dramatically risen in recent years. Obesity is quickly approaching tobacco use as the leading cause of preventable death in the US [1] . A growing body of literature indicates that obesity and metabolic disorders develop from a complex interplay between genetic susceptibility and environmental factors. Of the known causes, psychological stress is now thought to be an important environmental risk factor. For example, in New Zealand, a longitudinal study of 1,037 children found that girls who suffered from major depression in late adolescence had a 2.3-fold increased risk of obesity later in adulthood [2] . In addition to increasing the risk of becoming obese, major depressive disorder (MDD) is frequently associated with other comorbidities, including the metabolic syndrome, atherosclerosis, and diabetes.
While the occurrence of MDD after myocardial infarction (MI) has long been appreciated as a leading risk factor for post-MI mortality, the causal factor of the association is not clear [3] . Two large trials, SADHART (Sertraline AntiDepressant Heart Attack Trial) and ENRICHD (ENhancing Recovery in Coronary Heart Disease), attempted to determine the effect of treating post-MI MDD with medication and psychotherapy, respectively. While both treatment options were deemed to be safe and effective for the treatment of MDD in cardiac patients, the studies were underpowered to identify a mortality benefit. Thus, it is unclear whether the presence of MDD itself worsened cardiac outcome or whether MDD was more likely to occur in patients destined for negative outcomes [4] .
Finally, many researchers have examined the complex association of MDD and DMII. Ali and colleagues [5] performed a meta-analysis of 10 studies that included over 51,000 patients and found higher rates of MDD in patients with diabetes than in patients without diabetes. In an attempt to determine the direction of association between MDD and DMII, Golden and colleagues [6] performed a large bidirectional study. The authors reported that, in patients without a diagnosis of diabetes at baseline, the presence of depressive symptoms slightly increased the risk of later developing diabetes after 3.2 years. Importantly, they also reported that the reverse association was true: a diagnosis of DMII increased the risk of having depressive symptoms at follow-up 3.1 years later. This study suggests a bidirectional association between mood disorders and diabetes, with the presence of one increasing the risk of developing the other. Despite the clear link between MDD and metabolic disorders in epidemiologic studies, relatively little is known about the mechanism that underlies this association [7] . Recent results have begun to inform us of the mechanism of this mind-body connection.
Major recent advances
Leptin, a hormone produced by adipose tissue, is well known for regulating food intake and body weight [8] .
Recently, Lu and colleagues [9] proposed a role for leptin action in mood regulation. They reported a reduction in leptin levels after chronic unpredictable stress (CUS), a rodent model of stress-induced anhedonia. Furthermore, acute administration of leptin reversed the deficits observed in sucrose preference after CUS. Finally, in the forced swim test, a model of behavioral despair in rodents, leptin administration into the hippocampus caused an antidepressant-like effect.
Other recent studies suggest a potential role for leptin in mediating reward processing via direct action on the dopamine neurons of the ventral tegmental area (VTA). For example, Fulton and colleagues [10] reported that leptin deficiency blunted the locomotor response of mice to amphetamine injection. Dopamine levels as well as electrically stimulated dopamine release were also lower in leptin-deficient mice. In addition, Hommel and colleagues [11] demonstrated that direct infusion of leptin into the VTA suppresses feeding, while reduction of leptin receptor levels in the VTA by small interfering RNA increases food intake and locomotor activity.
Recently, our group suggested a potential role for ghrelin, a stomach-derived proappetite hormone, in the regulation of stress-induced changes in feeding and behavior [12] . Chronic social defeat stress (CSDS) is a preclinical model of chronic stress that models features of certain psychiatric disorders, including MDD, social anxiety, and post-traumatic stress disorder [13, 14] . Following exposure to CSDS, mice display persisting deficits in social interaction as well as increased food consumption. During the same time frame, ghrelin levels increase and remain elevated for up to 1 month after the last stressor. Notably, mice lacking the ghrelin receptor exhibit reduced hyperphagia compared with wild-type mice exposed to social stress. However, growth hormone secretagogue receptor (GHSR)-null mice displayed worsened social isolation after CSDS, indicating that ghrelin signaling may be involved in distinct adaptations to stress. Finally, peripheral administration of ghrelin to wild-type mice produced anxiolytic-like and antidepressant-like responses in the elevated plus maze and the forced swim test.
The site of ghrelin action on mood is of considerable interest. Like leptin signaling, ghrelin signaling is thought to occur in the hippocampus and the VTA, two key areas regulating mood and reward. Diano and colleagues [15] reported that ghrelin signaling improves memory and spatial learning by increasing dendritic spine synapse density and long-term potentiation. Abizaid and colleagues [16] reported that ghrelin signaling in the VTA increased dopamine neuron activity and promoted feeding. Infusion of a ghrelin receptor antagonist directly into the VTA also inhibited the effect of peripheral administration of ghrelin on feeding, indicating that the VTA is a key target of ghrelinmediated food intake.
Future directions
Metabolic diseases are frequently comorbid with mental illness, although the mechanism of this association is unknown. Recent research using preclinical models of stress has revealed an unexpected role for the peripheral hormones leptin and ghrelin in the regulation of mood symptoms. These findings now suggest a possible mechanism linking metabolic dysregulation and chronic stress. Future studies will need to determine whether a stress-induced decrease in leptin and increase in ghrelin signaling contribute to the development of obesity, diabetes, metabolic syndrome, and coronary heart disease. Furthermore, the neuronal targets of leptin and ghrelin action on mood need to be elucidated. Preliminary work indicates that the hippocampus and VTA may be key targets for their action, although this hypothesis must be confirmed by direct genetic targeting of leptin and ghrelin receptor signaling in these specific neurons.
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